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The small size regime and bulky hydrocarbon exterior of 
dendrimer encapsulated nanoparticles (DENs) often make 
characterization of these materials a unique challenge.  
Here, I report on three studies utilizing the techniques of 
extended X-ray absorption fine structure (EXAFS) and 
electrochemistry to probe the properties and behavior of 
these materials. 
First, the synthesis and characterization of PdCu 
bimetallic nanoparticles, and Pd and Cu monometallic 
nanoparticles, consisting of an average of ~64 atoms is 





 salts to interior functional 
groups of a dendrimer template followed by chemical 
reduction to yield DENs.  EXAFS spectroscopy indicates that 
these particles have an alloy structure.  This is a rare 
example of a stable nanoparticle in this size range that 
 vi 
consists of one reactive metal and one substantially more 
noble metal. 
Second, in-situ electrochemical EXAFS is used to 
evaluate the structure of Pt DENs during the oxygen 
reduction reaction (ORR).  The DENs contained an average of 
just 225 atoms each.  The results indicate that the Pt 
coordination number (CN) decreases when the electrode 
potential is moved to positive values.  The results are 
interpreted in terms of an ordered core, disordered shell 
model.  The structure of the DENs is not significantly 
impacted by the presence of dioxygen, but other 
electrogenerated species may have a significant impact on 
nanoparticle structure. 
Third, the electrochemical dissolution of Cu DENs is 
investigated using anodic stripping voltammetry (ASV).  The 
effect of the scan rate and Cu loading on the electrode to 
the stripping wave is performed.  The results indicate a 
large, positive shift of the stripping potential for the 
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Chapter 1:  Introduction 
 
1.1 Dendrimer Encapsulated Nanoparticles 
Since it was first introduced in 1998,
1
 the technique 
of dendrimer templating has proven to be a versatile method 
for synthesizing nanoparticles having well-defined sizes, 
compositions, and structures.  The basic approach for 
synthesizing dendrimer-encapsulated nanoparticles (DENs) is 





First, appropriate metal ions are mixed with a dendrimer 
solution.  This results in encapsulation of the metal ions 
within the dendrimer.  The means by which metal ions complex 
to the dendrimer interior depends on the identity of the 





 studies.  Second, a chemical 
reducing agent is added to this solution resulting in the 
formation of DENs. 
The DEN synthesis offers some significant advantages 
over other methods for preparing nanoparticles in the 1-2 nm 
 2 
size range.  Most of these advantages arise from the 
presence of the dendrimer, which both templates and 
stabilizes the encapsulated nanoparticles.  For example, the 
composition of DENs can be selected by choosing the identity 
and ratio of metal ions complexed to the dendrimer in the 
first step of the synthesis.  Likewise, the structure of 
DENs can also be controlled via slight variations to the 





 ions within a sixth-generation, hydroxyl-
terminated poly(amido amine) (PAMAM) dendrimer (G6-OH) 
results in bimetallic PtPd alloy nanoparticles.
10,11
  In 
contrast, when the component metal ions are complexed and 
reduced sequentially, core@shell DENs may result.
12
  The 
size of DENs is controlled by selecting the metal-ion: 
dendrimer ratio.  DENs as large as 4 nm in diameter have 
been reported,
13
 but the more typical size range is 1 to 2 
nm.
14-17
  The very small size of DENs is one of their main 
virtues, because the physical and chemical properties of 
metals change quickly in this size regime.
18,19
  
In addition to their templating function, which largely 
controls the size, composition, and structure of DENs, the 
dendrimer also stabilizes the encapsulated nanoparticles 
against agglomeration.  The nature of the dendrimer as a 
stabilizing agent is fundamentally different from other 
stabilizers, such as capping agents, because the dendrimer 
does not passivate or specifically coordinate to the 
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nanoparticle surface.  In the case of DENs, the 
nanoparticles are sterically confined to the interior region 
of the dendrimer,
13
 and the degree of chemical interaction 
of the dendrimer with the surface of the nanoparticle is 
minimal.
20,21
  Accordingly, the surface of DENs is free to 
engage in catalytic reactions, as long as the substrate is 
small enough to penetrate the branched periphery of the 
dendrimer.  Most other approaches for stabilizing 
nanoparticles rely on a specific chemical interaction 
between a ligand and the nanoparticle surface.  Typically, 
this results in reduced access of reactants to surface atoms 
and, hence, lower reaction rates.
22-24
  
Another advantage of the dendrimer is that its 
periphery consists of many tens, or even thousands, of 
individual functional groups.  As discussed later, these 
functional groups can be easily modified to tune the 
solubility of the dendrimer.  Functional groups on the 
dendrimer surface are also convenient handles for 
immobilizing DENs on solid supports, thereby enabling the 
use of DENs for applications in electrocatalysis and 
heterogeneous catalysis.  
1.2 Nomenclature 
Dendrimers are a class of regular, highly branched, and 
highly symmetrical polymers.  For further details on the 
broad field of dendrimer chemistry the reader is referred to 
a recently published book.
25




  Here, some of the jargon that has 
evolved within the dendrimer community is summarized, and 
some background information that is essential for 
understanding DENs is also provided.   
The generation of a dendrimer is the number of 
repeating branch points as traced from the dendrimer center 
to the periphery.  PAMAM dendrimers range in generation from 
0 to 10.  The number of peripheral functional groups on the 
dendrimer increases exponentially with increasing generation 
whereas its diameter increases linearly.  As a result, 
higher generation dendrimers exhibit structures with 




A dendrimer of generation n with terminal functional 
groups R is notated Gn-R.  Most studies of DENs have been 
carried out using Gn-OH or Gn-NH2 (n = 4 or 6) PAMAM 
dendrimers, because these intermediate generation materials 
have a well-developed three-dimensional structure (which is 
essential for stabilizing the encapsulated nanoparticle) but 
are not so large as to have an overly crowded periphery.  
The metal-ion-dendrimer precursor complexes are denoted Gn-
R(A
m+
)x, where A is the metal ion used, m is its oxidation 
state, and x represents the stoichiometric amount of A used 
in the synthesis.  Monometallic and alloy bimetallic DENs 
are denoted as Gn-R(Ax) and Gn-R(AxBy), respectively, where A 
and B are the metals comprising the DENs, and x and y 
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represent the stoichiometry used in the synthesis. 
Core@shell bimetallic DENs are denoted as Gn-R(Ax@By), where 
A and B are the metals comprising the core and shell 
materials, respectively.  Typically, “magic number” values 
of x and y are chosen to yield nanoparticles having stable, 
closed shell structures.  For instance, fcc cuboctahedral 
particles with one, two, and three complete shells contain 
13, 55, and 147 atoms, respectively. 
As mentioned previously, the PAMAM family of dendrimers 
is most frequently used for synthesizing DENs, and, unless 
otherwise indicated, the studies discussed in this 
dissertation refer to them.  Note, however, that other types 







 families have 
also been used for this purpose.  An important distinction 
can be made between dendrimer-stabilized nanoparticles 
(DSNs) and DENs.  DSNs differ from DENs in that DSNs are not 
located within the voids of a single dendrimer, but rather 
are stabilized by the peripheral groups of the dendrimer.  
Therefore, DSNs are stabilized by multiple dendrimers and 
are usually quite a bit larger than DENs. 
1.3 Synthetic Methods 
As described previously, the basic synthesis of DENs is 
a two-step process where metal ions are first complexed to a 
dendrimer template and then reduced to form zerovalent 
particles contained within the dendrimer architecture.  
 6 
However, there are several variations of this procedure that 
can be used to produce specialized DEN structures.  
Furthermore, details of the synthesis will vary depending on 
the specific metal system used.  For instance, reactive 






 require synthesis in 
O2-free organic solvents, and Pt DEN synthesis requires 2-3 
days for the first complexation step and ~1 day for the 
subsequent reduction.
45
  Details relevant to the DEN systems 
described in this dissertation are given in the relevant 
chapters. 
Galvanic exchange. Galvanic exchange refers to an 
electrochemical process in which electrons transfer between 
two metals in different oxidation states and having 
different redox potentials (eq 1.1). 
 
 A(0) + B
m+
  Am+ + B(0) (1.1) 
 
Here, metal A has a more negative standard potential than 
metal B.  Galvanic exchange has previously been used for 
nanoparticle synthesis.
46,47
  One example where this approach 
was used in the synthesis of DENs is a recent study where 
G6-OH(Cu55) precursor nanoparticles were used to synthesize 
G6-OH(Pt55) and G6-OH(Pd55) DENs.
48
  The details of this 
experiment are given here in order to illustrate the 
technique of galvanic exchange.  The standard potentials for 
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 = 0.620 V (1.4) 
 
Note, however, that these potentials refer to the bulk 
metals, and the corresponding values for nanoscale particles 
are likely to be different.
19
  Because the E
0
 values of the 
Pt and Pd half reactions are more positive than Cu, 


















Dialysis into an acidic solution after the galvanic 
exchange is completed allows for the removal of excess Cu
2+
 
from the DEN solution.  Characterization by transmission 
electron microscopy (TEM), extended X-ray absorption fine 
structure (EXAFS), UV-vis, and X-ray photoelectron 
spectroscopy (XPS) of the Pt and Pd DENs produced by this 
method indicate that a one-to-one exchange occurs between 
the reduced metal and the oxidized Cu during intradendrimer 
galvanic exchange. 
The galvanic exchange method allows Pt DENs to be 
prepared in ~3 h, as compared to 96 h for the usual BH4
-
-
based Pt DENs synthesis (Scheme 1.1).  Moreover, Pt DENs 
prepared by galvanic exchange are fully reduced, unlike 
 8 




Bimetallic DEN Synthesis. There are a variety of 











and underpotential deposition (UPD).
52,53
  The sequential 
reduction method involves synthesis of a monometallic DEN 
core followed by complexation and reduction of a second 
shell metal.  In the co-complexation method, two or more 
metal salts are added to the dendrimer solution prior to 
reduction of the metal, typically resulting in an alloyed 
type structure.  Details of the UPD method are given in 
Section 1.6.   
Partial galvanic exchange of a metal nanoparticle has 
been proposed as a method to produce bimetallic DENs.
46
  
Specifically, addition of a substoichiometric amount of the 
more noble metal ions would result in exchange of just a 
fraction of the original DEN.  This approach has been 
reported to yield bimetallic Pt@Au particles from Cu DEN 
precursors.
54
  However, the resulting nanoparticles were 
larger than expected for DENs, and it seems likely they were 
actually DSNs. 
1.4 Characterization of DENs 
Accurate characterization of DENs is critical for 
correlating their structure and function.  However, two of 
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the principal attributes of DENs, their small size and their 
location within the interior of a bulky hydrocarbon 
framework, make this task difficult.  Accordingly, 
substantial effort has been focused on improving and 
expanding the methods available for characterizing DENs.  
Structural Characterization of DENs.  The structural 
characteristics of DENs include their crystallinity, degree 
of disorder, and, for bimetallics, degree of spatial 
segregation of the two metals.  An understanding of surface 
structure is particularly important, because it can directly 
influence catalytic reactions. 
The small size of DENs precludes structural 
characterization techniques that require long-range order, 
such as typical X-ray diffraction (XRD).  However, EXAFS and 
X-ray diffraction-pair distribution function (XRD-PDF) are 
useful for analyzing even the smallest DENs.  EXAFS provides 
information about the coordination environment of an 
absorbing atom, including the number, type, and bond 
distances of neighboring atoms.  Further details about the 
technique are given in Section 2.3.  EXAFS is particularly 
powerful for analyzing DENs, because the average 
coordination number (CN) drops precipitously as particle 
size decreases and a higher fraction of atoms reside on the 
particle surface.  For example, surface-to-interior atom 
ratios for 147- and 55-atom cuboctahedra are 1.7 and 4.2, 
respectively, and therefore EXAFS is quite sensitive to 
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small changes in the size (and shape) of DENs.
55
  XRD-PDF 
measures the distribution of mass in a sample and can be 
used to determine atomic structure in amorphous materials.  
The experimental PDF, G(r), is given by eq 1.7, where ρ(r) 
and ρ0 are the local and atomic number densities, 
respectively. 
 
 G(r) = 4πr(ρ(r)-ρ0) (1.7) 
 
A recent study demonstrates the power of combining 
EXAFS with XRD-PDF and other analytical methods to solve 
complicated structural problems.  In one particular case, 
the problem was that several studies suggested that the 
structure of Pt DENs was highly sensitive to the method used 
to prepare them.
8,45,56-59
  This situation is in contrast to 
DENs synthesized from most other metals, which is quite 
straightforward.  To better understand the products of the 
homogeneous-reduction method for preparing Pt DENs, a 
combination of EXAFS and XRD-PDF, as well as UV-vis 
spectroscopy, TEM, and XPS were used to characterize both 
dry and wet (solution-phase) G6-OH(Ptx) (x = 55, 147, 240) 
DENs.
45
  The XPS, UV-vis spectroscopy, and EXAFS data 
indicated incomplete reduction of the G6-OH(Pt
2+
)x precursor.  
For example, Figures 1.1a and 1.1b show the Pt-Pt CNs for 





Comparison of the Pt−Pt CNs for (a) dry and (b) wet Pt 
DENs at the indicated Pt
2+
:G6−OH ratios. (c) Calculated 
M−M CNs for cuboctahedral particles in this size range.  
Chem. Mater. 2008, 20, 5218-5228. 
 
In both cases, the experimentally determined CNs are much 
lower than those expected on the basis of the precursor 
stoichiometry (Figure 1.1c).  However, because EXAFS 
measures the average coordination environment of an element, 
it cannot distinguish between a mixture of configurations 
having high and low CNs and a single configuration having an 
intermediate CN.  Taken together with the XPS and UV-vis 
spectroscopy results, one possible conclusion is that each 
 12 
dendrimer contains some reduced Pt (in the form of a 
smaller-than-expected nanoparticle) and some unreduced Pt  
(in the form of the precursor complex in which the Pt-Pt 
CN=0).  Interestingly, however, TEM micrographs indicated 
particle sizes close to those expected for fully reduced 
DENs.   
To resolve this apparent inconsistency, XRD-PDF 
analysis was used, which confirmed the TEM results.  Both 
XRD-PDF and TEM are insensitive to the presence of unreduced 
complex: only nanoparticles will be detected using these 
techniques.  The only model that fit the results from all of 
these analytical methods is one in which some dendrimers 
contained fully reduced Pt DENs and others contained only 
the original precursor ions.  This bimodal distribution 
model was rationalized by invoking a mechanism involving 
autocatalytic growth of the DENs.  That is, zerovalent Pt 
seeds are formed by chemical reduction in some dendrimers, 
and these seeds catalyze complete reduction of all Pt
2+
 
present in those dendrimers.  However, in other dendrimers 
these seeds do not form, and hence no subsequent particle 
growth is observed. 
Probes of DEN size.  TEM is the most common method for 
measuring the size of DENs.  Other standard characterization 
techniques for this size regime, for example atomic force 
microscopy (AFM), are hindered by the presence of the 
dendrimer shell.
60
  Although TEM can be an effective means 
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for size determination, it suffers from three drawbacks.  
First, routine electron microscopy does not provide 
sufficient resolution to distinguish between particles 
having sizes that vary by just a few tens of atoms.  
Aberration-corrected microscopes should provide this level 
of resolution, but they have only recently become available 
and are still relatively inaccessible.  Second, TEM samples 
are typically imaged in vacuum or a low-pressure gas, and 
this excludes (for now) liquid-phase, in-situ studies.  
Third, the sample configuration (for example, apparent 
agglomeration) can change during TEM sample preparation. 
There are several indirect measures of particle size 
that corroborate the TEM findings.  For example, the optical 
plasmon band of solution-phase DENs can be used to estimate, 
or least set an upper bound, on their size if they are 
comprised of appropriate metals, such as Ag, Au, or Cu.
61
 
For instance, Cu nanoparticles <3 nm in diameter do not 
exhibit a plasmon band in the UV-vis.
1
  As mentioned 
earlier, size information may also be obtained from EXAFS 
data.  This is because the ratio of surface to interior 
atoms increases significantly with decreasing size for 
particles <2 nm in diameter.  Accordingly, the predicted CNs 
for cuboctahedral particles containing 55 and 147 atoms are 
7.86 and 8.98, respectively, and such values can usually be 
distinguished. 
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The relative 1D 
1
H-NMR peak intensities of the internal 
dendrimer functional groups are reduced by the presence of 
DENs.  Figure 1.2 shows the methylene region of 
1
H-NMR 
spectra for G4-OH, G4-OH(Pd
2+
)55, and G4-OH(Pd55), as well as 






H NMR spectra of G4-OH, G4-OH(Pd
2+
)55, and G4-
OH(Pd55). The peak marked with a single asterisk arises 
from the dioxane internal standard, and the peak marked 
with a double asterisk arises from residual methanol.  
(Bottom) Schematic representation of G4-OH indicating 
the lettering scheme used to identify the methylene and 
nitrogen groups. 
J. Am. Chem. Soc. 2009, 131, 341-350. 
 

























   
Interestingly, a correlation exists between the size of 
DENs and the dampening of the NMR signal.
62
  To demonstrate 
this principle, the D/d ratio (Figure 1.2) for G6-OH(Pdx) (x 
= 55, 147, 200, 250) DENs were compared and found to scale 




Ratio of the integrated D/d peak intensities of 
1
H NMR 
spectra for G6-OH(Pdx) (x = 55, 147, 200, 250) as a 
function of the average number of atoms in the DENs.  
J. Am. Chem. Soc. 2009, 131, 14634-14635. 
 
This method of characterization may be useful for research 
groups without access to high-resolution TEM.  Furthermore, 
this experimental method provides a means for in-situ 
analysis of DENs. 
Mass spectrometry (MS) is a powerful method for 
determining the composition of small nanoparticles.
63
  The 
ability of MS for measuring the size of DENs depends upon 
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the nature of the dendrimer encapsulating the particle.  For 
example, Yamamoto and coworkers used matrix-assisted laser 
desorption/ionization-time of flight (MALDI-TOF) MS to 
measure the size of Rh DENs synthesized in G4 DPA 
dendrimers.
38
  However, obtaining reliable MS spectra for 
high-generation PAMAM dendrimers, even in the absence of an 
encapsulated nanoparticle, is challenging.
64
   
1.5 Evidence of Encapsulation 
When DENs were first reported, evidence for 
encapsulation was circumstantial.  However, support for this  
architecture was provided by an early TEM study of Au 
DENs.
13
  In this study, the dendrimers were stained with a 
dye that provided electron contrast, so that colocalization 
of the nanoparticles and dendrimers could be confirmed.  
More recent studies of the spatial relationship between the 
DEN and the surrounding dendrimer have also appeared, and 
these are discussed next. 
One of these studies monitored CO adsorption onto the 
surface of both dried and solution-phase Pt DENs in a 
variety of solvents.
65
  It was found that in polar solvents 
CO adsorbed strongly and extensively to the DEN surface.  
However, dry DENs exhibited weaker adsorption and lower 
coverages of CO.  This study concluded that in poor solvents 
(air and low dielectric liquids) the dendrimer collapses 
onto the surface of the encapsulated DEN and thereby shields 
it from interactions with adsorbates like CO.  In contrast, 
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good solvents for the dendrimer expand its structure and 
permit interactions between small molecules and the 
encapsulated nanoparticle.  These observations are only 
consistent with the nanoparticles being fully encapsulated 
within the dendrimer host. 
A similar study used alkanethiols to carry out solvent-
selective poisoning of the surface of Pt DEN catalysts.
57
  
In this case, hydroxyl-terminated DENs were immobilized onto 
an electrode surface and then exposed to alkanethiols in 
either polar or nonpolar solvents.  In polar solvents, the 
alkanethiols strongly bound to the Pt DENs and inhibited 
electrocatalytic reactions.  However, in nonpolar solvents, 
no poisoning was observed.  The results were interpreted 
exactly as described in the previous paragraph, thereby 
providing additional evidence for nanoparticle 
encapsulation. 
High-resolution NMR studies of Pd DENs also provide 
evidence for nanoparticle encapsulation.
20,62
  As indicated in 
Figure 1.2, the peak positions of the peripheral methylene 
groups (those located closest to the terminal functional 
groups) are shifted relative to the peaks of the interior 
methylene groups.  Interestingly, all of the 
1
H peaks 
originating from the dendrimer disappear upon complexation 
of Pd
2+
.  This is likely a consequence of Pd
2+
 breaking the 
symmetry of the dendrimer.  However, after reduction with 
BH4
-
, the dendrimer peaks return (with slightly decreased 
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intensity), but the relative intensity of the internal 
methylene peaks to those of the peripheral methylene peaks 
decreases.  This suggests a partial breaking of the interior 
symmetry of the dendrimer.  However, when the Pd DEN is 
extracted from the dendrimer using short-chain thiols, the 
peak intensities of the functional groups return to the 
initial free dendrimer values.  This is strong evidence that 
the Pd particle is encapsulated by the dendrimer. 
The final evidence for encapsulation was demonstrated 
using two techniques that measure changes to the 
hydrodynamic radius of the dendrimer after nanoparticle 
formation: pulsed-field gradient spin-echo (PFGSE) NMR
20,62
 
and quasi-elastic light scattering (QLS).
66
  The PFGSE NMR 
results indicated a radius 2.0 ± 0.2 nm for both G4-OH and 
G4-OH(Pd55),
20
 and a radius 3.3 ± 0.3 nm for G6-OH and G6-
OH(Pdx) (x = 55, 147, 200, 250).
62
  If the nanoparticle is 
truly encapsulated within the dendrimer, then the 
hydrodynamic radius of the dendrimer should not be affected 
by its presence.  Clearly, that is the case here. 
QLS was also used to determine the hydrodynamic radius 
of G6-OH(Pd147), and under similar solution conditions the 
result (3.3 ± 0.3 nm) was the same as determined by PFGSE 
NMR.
66
  Similar results were obtained for G6-OH(Au147) (3.2 ± 
0.2) and G6-OH(Pt147) (4.0 ± 0.2 nm).
66
  However, under 
certain solution conditions, primarily around neutral pH, 
the hydrodynamic radius of G6-OH(A147) (A = Pd, Au, and Pt) 
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was found to nearly double, even though the size of the 
empty dendrimer (G6-OH) and the precursors examined (for 
example, G6-OH(Pt
2+
)147) maintained a normal radius of around 
3.5 nm.  Importantly, there was no indication of aggregation 
in the TEM analysis of G6-OH(A147) (A = Pd, Au, and Pt).  
Thus, the physical phenomenon responsible for the anomalous 
size increase, measured by QLS, of these DENs at neutral pH 
remains something of a mystery. 
The surface metal atoms of DENs do not seem to be 
significantly passivated by the interior functional groups 
of the PAMAM dendrimer.  Indirect evidence for this is given 
by the high catalytic rates exhibited by DENs.
14,57
  
Additionally, a recent EXAFS study of G6-OH(Au147) DENs 
indicated an upper limit of 15 nitrogen or oxygen 
interactions with the metal surface.
21
  This indicates at 
least 84% of the surface remains accessible for catalytic 
reactions. 
1.6 Electrochemical Studies Utilizing DENs 
As mentioned previously, the dendrimer can act as a 
convenient handle for attaching the DEN to surfaces.  One of 
the earliest electrochemical studies utilizing DENs 
established a method for electrochemical attachment of 
hydroxyl-terminated DENs to a glassy carbon electrode 
(GCE).
57
  Since this initial study, considerable effort has 
been focused on measuring size and composition dependent 
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electrocatalytic properties of DEN materials.  UPD on DENs 
has also been used to produce novel DEN structures.   
Electrocatalysis. In electrocatalysis, DENs are 
immobilized on an electrode surface, and the catalytic rate 
is measured as a function of the electrode potential.  As 
for all forms of DEN-based catalysis, the reactants must 
permeate the dendrimer periphery and interact directly with 
the surfaces of the encapsulated DENs.  However, in 
electrocatalysis, electrons from the electrode must also 
access the nanoparticles.  How exactly this happens has not 
been explored, but the fact that it does happen is 
unambiguous. 
One early study of DEN-based electrocatalysis examined 
the effect of nanoparticle size on the kinetics of the 
oxygen reduction reaction (ORR).
67
  Specifically, G6-OH(Ptx) 
(x = 55, 100, 147, 200, 240) DENs were immobilized on a 
glassy carbon rotating disk electrode (GC RDE), and the 
specific activity of each size DEN was determined using 
standard electrochemical methods.
57
  The results indicated 
that the kinetics of the ORR decreased monotonically with 
decreasing particle size.  It is a testament to the DENs 
synthetic method that significant and reproducible 
differences in ORR kinetics are observed when particle sizes 
are changed by just a few tens of atoms.  Interestingly, the 
smallest two DENs exhibited decreased mass-transfer limited 
currents, which could represent a change in the product of 
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the ORR from water to peroxide.  Note, however, that there 
are alternative explanations for this observation. 
The ORR kinetics of bimetallic PtPd alloy DENs always 
containing ~180 atoms but at different ratios of the two 
metals was also examined.
11
  The PtPd DENs were synthesized 
using the co-complexation technique and immobilized onto the 
surface of a GC RDE.  The kinetic analysis revealed two 
important results.  First, Tafel plots suggested that the 
ORR mechanism was the same for PtPd DENs having different 
elemental compositions.  Second, when normalized to the mass 
of Pt present in each composition, DENs containing Pd:Pt 
atomic ratios of 30:150 and 60:120 exhibited superior 
activities compared to Pt-only DENs. 
Some years ago it was shown that positively charged 
amine-terminated dendrimers immobilized onto an electrode 
surface can act as molecular gates, blocking access of 
positively charged species in solution while permitting 
negatively charged ions to access the substrate.
68
  This 
effect was attributed to electrostatic interactions between 
the redox probes and the positive charges on the protonated 
dendrimer.  Kim and coworkers used this effect to confirm 
immobilization of amine-terminated Au DENs onto a GCE.
69
  
Immobilized G6-NH2(Au147) DENs were also used in this study 
to catalyze hydrazine oxidation. 
In addition to catalysis on planar electrodes, several 
groups have immobilized DENs on carbon nanotubes (CNTs), 
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which serve as conductive leads to an electrode surface. For 
example, Stevenson and co-workers outfitted nitrogen-doped 
CNTs with Pt DENs contained within amine-terminated 
dendrimers and used the supported nanoparticles to catalyze 
the ORR.
70
  Centrifugal separation and UV-vis spectroscopy 
were used to monitor adsorption of the DENs onto the CNTs.  
Adsorption isotherms revealed that the affinity of the Pt 
DENs for the CNTs increased with increasing edge-plane 
character.  In another study, G4-NH2(Pd40) DENs were anchored 
to chemically oxidized multi-walled nanotubes (MWNTs) 
through covalent attachment of the terminal amine groups to 
carboxyl groups on the nanotube.
71
  These materials were 
found to be catalytically active for hydrazine oxidation.   
Underpotential Deposition. UPD is normally thought of 
as the reductive electrodeposition of cations at potentials 
more positive than their standard potential.
72
  This method 
provides high surface selectivity and can be used to 
synthesize core@shell nanoparticles having a single atomic 
layer shell or in some cases a submonolayer shell.
73-76
  
Furthermore, the UPD monolayer can subsequently be 
galvanically exchanged for a more noble metal, thereby 
expanding the scope of this method.
73-75,77
  The use of UPD for 
synthesizing nanoparticles having core@shell structures was 
pioneered by Adzic and coworkers, particularly for 




 and Carino et al. has adopted this same 
general approach for synthesizing core@shell DENs.
52,53
  
The UPD method was used to deposit a single monolayer 
of Cu onto Pt DENs comprised of 55-225 atoms.
52
  The 
synthesis is carried out by preparing the Pt DEN cores, 
immobilizing them onto a GCE,
57
 and then depositing a 
monolayer of Cu onto their surface via UPD.  As shown in 
Figure 1.4, a voltammetric wave having two distinct 
reduction peaks is observed for UPD onto the largest Pt 
core, but only a single broad peak is present for the two 








Cyclic voltammograms obtained using GCEs modified with 
the indicated G6-OH(Ptx) DENs in aqueous electrolyte 
solutions containing 0.10 M H2SO4 only (black) and 0.10 
M H2SO4 + 0.010 M CuSO4 (red).  The Cu UPD potential 
region is shown.  The solutions were deoxygenated with 
Ar.  The scans started at 0.64 V and were initially 
swept in the positive direction at a rate of 10 mV/s.  
Langmuir 2011, 27, 4227-4235. 
 
This suggests that the UPD process is better defined on the 
larger, more highly faceted core.  That is, as the size of 
the facets increase, UPD occurs at distinct potentials on 
the 111 and 100 facets of the DENs.   
The ratio of Cu shell atoms to Pt atoms on the surface 
of the core, which is denoted Cu, was determined by 




 to the amount of Cu deposited.  The latter 
value was found by integrating the area under the Cu UPD 
peaks and converting this charge to total moles of Cu.  The 
value of Cu is 1.0 for 147- and 225-atom Pt DEN cores, but 
Cu = 1.5 for the 55-atom cores.  Note that complete Cu 
shells for cores containing 55, 147, and 225 Pt atoms have 
Cu values of 2.2, 1.8, and 1.7, respectively.  This 
suggests that only the facets of the two larger DENs are 
decorated with Cu, while the facets, edges, and corner sites 
are all covered on the 55-atom core.  As discussed later, 
EXAFS was also used to confirm the core@shell structure of 
the DENs. 
In a separate UPD study, G6-OH(Au147) DENs were 
immobilized on a GCE followed by UPD of a Cu monolayer.
53
  
Galvanic exchange of the Cu monolayer for Pt resulted in 
Au@Pt DENs.  The surface composition of these particles was 
determined by integrating the voltammetric peaks associated 
with reduction of surface Au oxide and Pt oxide.  The Pt 
shell coverage, Pt, was calculated as 0.85 by this method.  
The activity of these particles toward the ORR was very 
close to that of G6-OH(Pt147) DENs synthesized by the usual 
BH4
-
 reduction method. 
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Chapter 2:  Experimental 
 
2.1 Chemicals 
Specific information about the chemicals used in the 
dissertation is given in the following chapters. 
2.2 Methodology 
The synthesis of Pd, Cu, and alloyed PdCu DENs is 
described in chapters 3 and 5.  Chapter 4 details the 
synthesis of Pt DENs.  Descriptions of the EXAFS fitting 
procedures used in these studies are described in chapters 3 
and 4.  A spectroelectrochemical cell was designed for in-
situ X-ray absorption spectroscopy (XAS) characterization 
during electrochemical experiments.  A detailed description 
of the cell is provided in chapter 4.  The preparation of 
DEN-immobilized working electrodes are detailed in chapters 
4 and 5.  Experimental details for the techniques utilized 
in this dissertation are given in the following chapters.  
2.3 Extended X-ray Absorption Fine Structure 
In an EXAFS experiment, information about the 
coordination environment of an absorbing element is 
extracted from the oscillations present in an X-ray 
absorbance spectrum.  Absorption of an X-ray photon by a 
material at sufficiently high energies results in the 
ejection of a core electron.  Atoms surrounding the 
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absorbing material may cause backscatter of the ejected 
electron, leading to interference between the backscattered 
wave and the outgoing wave of the ejected electron, and 
resulting in a fine structure in the absorbance spectrum.  
The fine-structure function, χ(E), is defined in eq. 2.1. 
 
 χ(E) = (µ(E)- µ0(E))/ Δµ0(E) (2.1) 
 
Here, µ(E) is the absorption coefficient, µ0(E) is an 
absorption background describing the absorption of a free 
atom in space, and Δµ0(E) is the jump in absorption at the 
threshold energy of absorption.  The finite lifetime of the 
ejected electron ensures that EXAFS is essentially a short-
range order technique, making it a complementary method to 
other structural characterization methods, such as XRD. 
Interpretation of an EXAFS spectrum is achieved through 
least square fitting of the data to appropriate theoretical 
models using the EXAFS equation, which describes the energy-
dependent absorbance of a material as a sum of the 
individual contributions of j coordination shells (eqs. 2.2-
2.3). 
 









 sin(2kRj + δj(k))) (2.2) 






Here, Nj is the number of atoms in each coordination shell, 
S0
2
 is the passive electron reduction factor, Rj is the bond 
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distance between the absorbing atom and the nuclei in the 
coordination shell, fj is effective scattering amplitude, σj
2
 
is mean square displacement of the bond distances, δj(k) is 
the effective scattering phase shift, and E0 is the 
absorption-edge energy. 
   One approximation made in the EXAFS equation is that any 
interactions between the ejected electron and the valence 
electrons of the absorbing atom are negligible.  This 
assumption only holds true when the kinetic energy of the 
outgoing electron is sufficiently higher than the electronic 
energies of the valence electrons.  Therefore, EXAFS 
describes the region of the absorbance spectrum greater than 
several tens of eV above the absorption edge. 
Illustration 2.1 diagrams the basic components of the 







Broadband light is collected tangentially from a synchrotron 
ring.  A double-crystal Si(111) channel-cut monochromator 
selects for a single wavelength of light.  A series of slits 
are used to control the spot size of the beam on the sample 
and improve energy resolution of the light source.  There 
are four gas-ionization detectors which are filled with a 
gas that becomes ionized when electromagnetic radiation 
passes through them.  By measuring a current produced by the 
charged gas, it is possible to determine the intensity of 
the light passing through the chamber.  I0 and It measure 
the intensity of the beam before and after, respectively, 
passing through the sample.  The absorbance by the sample is 
given in eq. 2.4, where t is the sample thickness. 
 
 µ(E) = ln(I0/It)/t (2.4) 
 
A third detector, Iref, is used to measure the absorbance by 
a reference sample, which is used to accurately calibrate 
the energy of the X-ray beam.  
Fluorescence data may be collected when insufficient 
signal to noise is present in the transmission spectrum.  
Filling of the core-hole vacancy formed during the X-ray 
absorption event results in the emission of a lower-energy 
photon.  This fluorescence of the sample is related to µ(E) 
by the following relationship (eq. 2.5). 
 
 µ(E) ∝ If/I0 (2.5) 
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The fluorescence detector is placed at a 90˚ angle to the X-
ray beam.  A set of Soller slits and an appropriate filter 





Chapter 3:  An X-ray Absorption Study of PdCu 
Bimetallic Alloy Nanoparticles Containing an 
Average of ~64 Atoms 
3.1 Introduction and Background 
In this chapter the synthesis and characterization of 
PdCu bimetallic alloy nanoparticles consisting of an average 
of ~64 atoms is presented.  It has been shown that such 
materials, composed of electron donor and acceptor metals, 
can exhibit desirable catalytic properties for the ORR.
79-82
  
Specifically, when an electron donor atom, such as Cu, is 
present in the core, and an electron acceptor, such as Pd, 
is present in the shell, then the d-band of the shell is 
lowered and its local electronic properties are predicted to 
be more like Pt.  However, first-principles calculations are 
only available for particles containing small numbers of 
atoms (typically <~150).  Accordingly, there is an urgent 
need to prepare well-defined, bimetallic nanoparticles in 
this size range that consist of both donor and acceptor 
elements.   





 salts to interior functional 
groups of a dendrimer template followed by chemical 
reduction to yield DENs.  EXAFS spectroscopy indicates that 
the particles have the expected alloy structure.  Thus, 
although these materials are alloys rather than core@shell 
nanoparticles, the findings presented here are an important 
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first step toward the eventual goal of synthesizing and 
characterizing very well-defined nanoparticles whose 
electrocatalytic properties can be directly compared to 
theory. 
There has been one previous study of unsupported PdCu 
nanoparticles in the size range relevant to the present 
report.  Specifically, Asakura and coworkers used EXAFS to 
characterize the structure of polymer-stabilized PdCu alloy 
nanoparticles dispersed in a glycol solution.
83
  A 
preference for hetero-bond formation between the two metals 
was observed.  There has also been one EXAFS study of 
supported PdCu bimetallic nanoparticles having diameters in 
the 2-6 nm range.
84
  These materials were prepared by either 
an atomic layer epitaxy technique or by co-impregnation of 
the metals onto SiO2 and γ‟Al2O3 supports.  The results 
indicated that the structure of the particles was dependent 
on the properties of the support: nanoparticles prepared on 
silica substrates had an alloyed structure whereas particles 
on alumina exhibited surface segregation of the Cu.  
In this study, EXAFS was used a probe for 
distinguishing between certain bimetallic structures.  
Specifically, small core@shell, alloyed, and cluster-on-
cluster nanoparticles have differentiable homo and hetero 
metal-metal CNs.  This method has also been used to 





DENs.  For example, 147-atom PdAu DENs having different 
 33 
Pd:Au ratios were synthesized using two different methods: 
co-complexation and sequential reduction.
12,50
  EXAFS 
suggested that DENs synthesized using the co-complexation 
approach are quasi-random alloys (alloys with partial 
surface segregation of Pd), whereas DENs prepared by 
sequential reduction have a core@shell type structure.  
Further details of using EXAFS to distinguish bimetallic 
structures are given in the Results and Discussion section 
of this chapter. 




 salts were added to 





.  The total metal-ion-to-dendrimer content was 
fixed at 64:1, because this ratio represents the maximum 
loading of Cu
2+
 ions into the interior of G6-OH PAMAM 
dendrimers.
1
  UV-vis absorption spectra indicate complete 
complexation of the metal salts to the dendrimer.  The 
metal-ion-dendrimer precursor complex was reduced with BH4
-
, 
which yielded DENs having diameters in the range of 1.2 - 
1.3 nm as measured by TEM.  The coordination environments of 
the two metals were measured by EXAFS and fit those of an 
alloy structure.  The particle size was also estimated from 
the EXAFS data and was found to be in good agreement with 
the TEM results. 
3.2 Experimental 
Chemicals.  G6-OH dendrimers in methanol were 
purchased from Dendritech, Inc (Midland, MI).  The methanol 
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was removed by vacuum evaporation at 23±3 
o
C prior to use 
and either a 100.0 µM or a 500.0 µM aqueous stock solution 
was prepared.  K2PdCl4 and NaBH4 were purchased from Sigma-
Aldrich.  CuSO4 was purchased from Fisher Scientific.  All 
chemicals were used without further purification.  18 MΩ·cm 
Milli-Q deionized water was used to make all solutions.   
Synthesis of alloy PdCu DENs.  Bimetallic DENs having 
different ratios of Pd:Cu are denoted as G6-OH(PdxCu(64-x)) (x 
= 64, 48, 32, 16, 0).  Note, however, that these nominal 
representations of DEN composition represent the average 
number of metal atoms in each DEN based upon the ratio of 
metal salts used to prepare the precursor complexes.  
Previous single-particle energy dispersive X-ray 
spectroscopy (EDS) studies of bimetallic DENs have 
demonstrated that the composition of individual particles is 
quite close to this ratio.
11
  However, due to the difficulty 
of imaging PdCu DENs in the TEM used for EDS studies it was 
not possible to obtain reliable EDS data.   
DENs were prepared by the following co-complexation 
method.
85
  A sufficient aliquot of 10.0 mM K2PdCl4 was added 
to an aqueous G6-OH solution to yield the desired Pd
2+
:G6-OH 
ratio.  This mixture was stirred for 10 min to permit 
complexation of Pd
2+
 to the interior tertiary amines of the 
dendrimer.
86
  Next, sufficient 10.0 mM CuSO4 was added to 




 ratio.  This 
solution was stirred for 5 min, and then the pH was adjusted 
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complexation: between 7 and 8.  The final dendrimer 
concentration was either 2.0 or 100.0 µM.  The solution was 
bubbled with N2 for a minimum of 10 min, and then 10 molar 
equivalents of NaBH4 (relative to the total metal content) 
were added to the solution. 
Characterization.  UV-vis absorbance spectra were 
obtained using a Hewlett-Packard HP8453 spectrometer and a 
1.00 cm pathlength quartz cuvette.  A solution of G6-OH in 
water was used for background correction.   
TEM images were collected using a JOEL-2010F TEM 
operating at 200 kV.  Images were collected in transmission 
as well as high angle annular dark field scanning 
transmission electron microscopy (HAADF-STEM) mode.  TEM 
grids were prepared by dropping several microliters of a 2.0 
µM DEN solution onto a carbon-coated 400-mesh Cu grid (EM 
Sciences) and drying in air. 
EXAFS data were collected on beamline X18b at the 
National Synchrotron Light Source (NSLS) at the Brookhaven 
National Laboratory (BNL) in New York.  100.0 µM solutions 
of freshly reduced DENs were placed in 1 cm thick solution 
cells having Kapton tape windows.  The K absorption edges of 
Pd and Cu were measured simultaneously in transmission and 
fluorescence modes, by orienting the sample 45˚ relative to 
the beam.  A five-grid Lytle detector filled with Ar gas was 
used for fluorescence detection, and, in the case of the Cu 
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K-edge, Soller slits and a Ni filter were used.  At least 
two, and as many as eight, energy scans were averaged to 
improve the signal-to-noise ratio.  Pd and Cu foil reference 
spectra were collected concurrently with the DENs spectra at 
the Pd and Cu K-edge, respectively, and used for energy 
calibration.  The data were analyzed using the IFEFFIT 
software package and FEFF6 program.
87,88
  The details of the 
data modeling procedure for monometallic and bimetallic 
systems are presented below. 
3.3 Results and Discussion 
UV-vis analysis of Cu, Pd, and PdCu DENs.  Figure 3.1a  





)64-x (x = 64, 48, 32, 16, 0) 
before reduction with BH4
-









)(64-x)  (x = 64, 48, 32, 16, 0) complexes.  




)(64-x) complexes at λmax 
for the Cu
2+





)(64-x) complexes after reduction with BH4
-
.  
The optical pathlength of the cuvette was 1.00 cm.  2.0 
µM G6-OH was used as the background. 
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The DEN precursor solutions exhibit strong absorption bands 
at ~230 and 290 nm and an isosbestic point at 261 nm.  These 
peaks arise from ligand-to-metal charge-transfer (LMCT) 





 salts not associated with the dendrimer absorb in this 
region, and therefore the presence of an isosbestic point 
implies that all of the Pd
2+
 salts have complexed to the 





)64 are comparable to previously published 
results.
1,86
   
The optimal pH range for complexation of the metal 
salts to the dendrimer was found to be between 7 and 8.  
Complexation of Cu
2+
 is pH dependent due to competition of H
+
 
for binding sites at low pH.
9,89
  At high pH values, loss of 
Pd from the complex is observed.  In the pH range used for 
this study, the absorbences of the LMCT bands of the 





 present in the dendrimers (Figure 3.1b).  This 
finding provides additional evidence that the metal salts 
completely bind to the dendrimer.    





complexes, the LMCT bands are replaced by broad, 
monotonically decreasing bands (Figure 3.1c) characteristic 
of interband transitions of spherical metal nanoparticles.
90
  
The irregular behavior below 230 nm is caused by the high 
absorbance of the dendrimer in this region.  The absence of 
 38 
a plasmon at 570 nm in the monometallic copper sample 
indicates a particle diameter below 3 nm,
91
 because damping 
of plasmon absorption bands is observed when particle sizes 
are smaller than the mean free path of conduction electrons 
in the absorbing metal.
90
  It is not clear why the spectra 
do not exhibit a consistent trend as a function of particle 
composition, but this observation may reflect the fact that 
these alloys have unique optical properties that are not a 
simple sum of the properties of the component metals.   
If the DENs are stored in a reducing atmosphere, such 
as a H2-saturated aqueous solution, they are stable and 
their absorbance spectra do not change as a function of 
time.  However, non-reducing environments, like air-
saturated water, result in partial DEN oxidation and gradual 
regrowth of the LMCT bands.  This observation is consistent 
with other studies,
92
 although the exact mechanism of 
oxidation is not fully understood.  Dry Pd DENs are stable 
in the presence of air, but Cu DENs oxidize in air even when 
dry. 
TEM analysis of Pd and PdCu DENs.  The small size of 
these ~64-atom PdCu DENS, in conjunction with the low mass 
of Cu, make it difficult to obtain high-quality, bright-
field TEM images. Therefore, particle diameters were 
estimated from HAADF-STEM micrographs.  Due to their 
instability in air, it was not possible to obtain TEM images 
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of Cu monometallic DENs.  Figures 3.2a and 3.2b show 




(a) Bright-field TEM micrograph and (b) HAADF STEM 
micrograph for G6-OH(Pd32Cu32).  Particle size 
distribution for (c) Pd monometallic and (d-f) PdCu 
bimetallic DENs. 
 
Theoretical particle sizes are estimated to be 1.4 and 1.3 
nm for monometallic Pd and Cu particles, respectively, 
assuming a spherical geometry.  Histograms of the measured 
particle diameters are provided in Figures 3.2c-f, and they 
indicate that the measured particle diameters are just 
slightly smaller (1.2 ‟ 1.3 nm). 
EXAFS fitting procedure.  The fits were constrained to 
include only the first coordination shells.  This eliminates 
all multiple-scattering effects and significantly reduces 
the number of independent variables.  S0
2
 values were taken 
from fits to Pd and Cu reference foil data collected under 
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similar conditions on beamline X18b.  A k-weight of 2 was 
used for all fits. 
Metal-metal (M-M) and metal-low Z (M-E, E = C, O, N) 
interactions were included in the preliminary simulations.  
Cu-E interactions were found to be well below the 
uncertainty of the fit, and therefore they were not included 
in the final models for the Cu edge of the monometallic and 
bimetallic DENs.  The CNs for Pd-E (nPdE) are close to the 
uncertainty level of the fits for all DENs studied, but 
better fit values consistently resulted when Pd-E 
interactions were included.  Further studies would be 
required to meaningfully quantify low-Z coordination to Pd. 
The data from both metal edges of the bimetallic 
materials were fit simultaneously.  The Pd-Cu (nPdCu) and the 








The heterometallic bond lengths and the σ2 factors were also 
constrained to be the same as measured from each edge (Pd or 
Cu).   
EXAFS analysis of monometallic Pd and Cu DENs.  As 
discussed earlier, G6-OH(PdxCu(64-x)) DENs are only stable in 
reducing environments.  Therefore, to prevent oxidation of 
the DENs during EXAFS experiments, the precursor complexes 
were reduced with BH4
-
 immediately prior to data collection.  




also slowly reduces water to H2.  The presence of H2 in the 
DEN solutions throughout the period required to obtain EXAFS 
spectra, as evidenced by continuous bubble formation, 
ensured the integrity of the DENs.  Indeed, UV-vis 
spectroscopy experiments carried out under nearly identical 
conditions to those used at the beamline confirmed that no 
regrowth of the LMCT bands occurred.  More significantly, 
the EXAFS analysis, discussed later, indicates minimal oxide 
formation under these conditions.  
Figure 3.3 shows the measured EXAFS data for the 
monometallic Pd and Cu DENs and theoretical fits of the 




EXAFS data (black) and simulated fits (red) for (a) G6-
OH(Pd64) and (b) G6-OH(Cu64). 
 
The selected k-ranges and R-ranges for each edge as well as 
the number of variables from each fit are given in Table 












   Pd Cu Pd Cu 
Cu64 14 4 - 2-14 - 1-2.8 
Pd16Cu48 20 14 2-11 2-13 1.2-2.9 1.5-3 
Pd32Cu32 21 14 2-12 3-12 1.2-2.9 1.1-3 
Pd48Cu16 20 14 2-12 2-10 1.3-2.9 1-3 
Pd64 13 7 2-14 - 1.3-3 - 
* number of independent data points 
+ number of fit variables 
Table 3.1. 
 
The CNs obtained from the fits, together with their 95% 
confidence limits (error bars) are presented in Table 3.2.  
First-shell coordination numbers for PdCu DENs. 
G6-OH nCuCu nCuPd nPdPd nPdE 
Cu64 7.1(4) - - - 
Pd16Cu48 4.2(8) 1.3(4) 3.5(2.0) 1.9(9) 
Pd32Cu32 3.0(1.1) 3.1(5) 4.1(1.3) 0.8(4) 
Pd48Cu16 0.9(7) 4.8(1.9) 4.0(1.4) 1.4(5) 
Pd64 - - 6.5(4) 0.2(2) 
Table 3.2. 
 
A discussion of these results is given below.  The full set 






EXAFS Fitting Parameters 
G6-OH Cu64 Pd16Cu48 Pd32Cu32 Pd48Cu16 Pd64 
ΔE0Pd 
(eV) 
- -2.8(3.1) -7.3(1.2) -4.9(2.6)  -1.2(0.4) 
ΔE0Cu 
(eV) 
2.3(0.5) 0.0(1.2) -2.9(1.1) 1.0(1.8) - 
RCucu 
(Å) 
2.527(3) 2.49(1) 2.47(1) 2.45(3) - 
RPdCu 
(Å) 
- 2.58(2) 2.57(1) 2.59(3) - 
RPdPd 
(Å) 
- 2.70(3) 2.68(2) 2.68(3) 2.779(3) 
RPdE 
(Å) 




















- 0.050(6) 0.000(4) 0.001(3) 0.001(6) 
χ2red 2.4 4.6 2.7 10.5 3.2 
R 
factor 
0.001 0.008 0.011 0.022 0.006 
Table 3.3.   
 
As discussed previously, the total metal-metal CN (nMM) 
can be used to estimate the size of DENs, because as 
particle size decreases the ratio of low-coordination 
surface atoms to interior atoms increases and therefore the 
total metal-metal coordination decreases. Such method can be 
used only if independent information about the particle 
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shape is available, as in this case, where it is known that 
the particles are quasi-spherical.  The cuboctahedron 
cluster family was chosen to model CNs, because the values 
can be easily calculated for different cluster orders.
55,94-96
 
The Pd and Cu monometallic DENs have nMM values of 6.5 
± 0.4 and 7.1 ± 0.4, respectively (Table 3.2).  The 
theoretical fcc cuboctahedron first shell nMM values for 13-
, 55-, and 147-atom particles are 5.54, 7.86, and 8.98, 
respectively.  Larger particles will have a CN approaching 
the bulk value of 12.  Predicting a theoretical CN for a 64-
atom particle is more difficult, because it does not have a 
complete outer shell.  It is reasonable for a particle of 
this size to have a lower coordination number that a 55-atom 
structure because the extra 9 atoms (of the 64-atom 
particle) will be low-coordinated surface atoms.  Therefore, 
the sizes of the monometallic DENs, as judged from the CNs, 
are fully consistent with the TEM data and calculated 
values.   
Because the samples are maintained in a reducing 
environment, Pd hydride formation is possible.  The Pd-Pd 
bond lengths were measured at 2.78 Å, a 1.1% expansion over 
the bulk value for metallic Pd. This is consistent with the 
formation of the hydride in particles of this size.
97
  
However, the bimetallic nanoparticles did not exhibit this 
behavior (Table 3.3). 
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EXAFS analysis of bimetallic G6-OH(PdxCu(64-x)) DENs. As 
discussed in the introduction of this chapter, the CNs for 
each metal in small, bimetallic particles can yield 
information about the structure of the material.
55
  For 
example, if metal atoms of type A segregate to the interior 
of a particle containing atom types A and B, the CN nAM of 
neighboring atoms to A will be larger than nBM since the 
majority of atoms on or near the particle surface are of the 
type B, which see fewer neighbors, on the average, than A.  
The distribution of CNs obtained for all types (A-M and B-M) 
of interactions between the two metals can reveal core@shell 
structure (when the nAM and nBM are different) or the 
homogeneous alloy structure (when they are similar, within 
the uncertainties).  Finally, for a bimetallic material, the 
CN nAB that quantifies the coordination of atoms A by atoms 
B will increase with increased alloying of the two metals. 
The EXAFS data and simulated results for the bimetallic 





EXAFS data and fit results for the (a) Pd K edge and 
(b) Cu K edge of G6-OH(Pd48Cu16), (c) Pd K edge and (d) 
Cu K edge of G6-OH(Pd32Cu32), and (e) Pd K edge and (f) 
Cu K edge for G6-OH(Pd16Cu48).  The data are plotted in 
black and the simulated fits are in red. 
 
The CNs obtained from the fits are given in Table 3.2.  The 
data indicate that the two metals in the bimetallic DENs are 
mostly alloyed.  As shown in Figure 3.5a, the Pd-M CN (nPdM) 
is the same or slightly higher than that of the Cu-M CN 





(a) Pd-M, Cu-M, and M-M CN as a function of Cu 
composition.  (b) Cu-Cu, Cu-Pd, and Pd-Pd coordination 
numbers as a function of Cu composition.  The 
theoretical values for a 55 atom random alloy are 
indicated by dashed lines. 
 
However, if the DENs were to have a true Pd-core/Cu-shell 
structure, nPdM would be predicted to have a much higher 
value (>10.7) in the G6-OH(Pd16Cu48) DENs.  In this instance, 
nearly all of the 16 Pd atoms would be within the interior 
of the particle.  Likewise, in Cu-core/Pd-shell material, 
nCuM of the G6-OH(Pd48Cu16) DENs would have a similarly high 
value.   
The trends in the Cu-Cu CNs (nCuCu) and nCuPd agree very 
well with the ideal alloy model (Figure 3.5b).  The Pd-Pd 
CNs (nPdPd)) are slightly higher, especially for the G6-
OH(Pd16Cu48) DENs.  This difference, however, falls within 
the uncertainty of the fits.  Accordingly, it is not 
possible to distinguish, in this particular case, a 
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completely random and homogeneous alloy from an alloy having 
either a Pd- or Cu-rich core. 
3.4 Summary and Conclusions 
The synthesis and characterization of Pd and Cu 
monometallic and PdCu bimetallic nanoparticles prepared 
within G6-OH dendrimer templates were reported.  Bimetallic 
nanoparticles, such as those described here, are predicted 
by theory to have desirable catalytic properties.
82,98
  UV-
vis, TEM, and EXAFS data for these PdCu DENs are consistent 
with their size corresponding to an average of ~64 atoms.  
Moreover, for the bimetallic DENs, the results indicate at 
least partial alloying of the two metals although the degree 
of alloying cannot be determined.   
The ability to synthesize and characterize nearly 
monodisperse and fully stable particles in this size regime 
is important to the larger goal of correlating the size, 
composition, and structure of DENs to their catalytic 
function.   
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Chapter 4:  In-situ Structural Characterization of 
Platinum Dendrimer-Encapsulated Oxygen Reduction 
Electrocatalysts 
4.1 Introduction and Background 
In this chapter the structural evolution of Pt DENs 
containing ~225 atoms during the electrocatalytic ORR is 
presented.  These findings are based on in-situ 
electrochemical EXAFS measurements, which probe the local 
coordination environment of the Pt electrocatalyst.  There 
are two important outcomes of these experiments.  First, the 
Pt CN decreases when the electrode potential is moved to 
positive values, which is most likely due to disordering of 
the Pt at the particle surface, as shown below.  
Furthermore, the particles show evidence of disorder at 
potentials in the double-layer region.  Second, ligand 
effects on the structure of the Pt nanoparticle arising from 
dioxygen are minimal, although other electrolytic species 
may have a significant effect. 
DENs are well suited for studying fundamental aspects 
of catalysis because of their uniform size, structure, and 
composition, and because the dendrimer shell prevents 
agglomeration without passivating the metal surface.
21,99
  The 
small size of DENs (40-250 atoms) makes them particularly 
well-suited for studying catalytic reactions using in-situ 
EXAFS.  This is because EXAFS measures the average 
coordination environment of a material, and small particles, 
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such as DENs, possess a high ratio of surface atoms to 
interior atoms.  Therefore, interactions between the surface 
of the DEN and reactants and products that might influence 
its structure are easily observed.  For larger particles, 
the CNs of the reactive surface atoms will be overwhelmed by 
the much greater signal arising from interior atoms. 
There have been two previously reported in-situ 
electrochemical EXAFS studies of DENs.
52,100
  In one case, Pt 
DENs containing ~240 atoms were characterized during 
electrochemical CO adsorption and oxidation.
100
  The results 
indicated that CO adsorbs to the DEN surface, but that no 
significant degree of nanoparticle restructuring takes place 
before, during, or after adsorption.  In the second study, 
the UPD of Cu onto Pt DENs was examined.
52
  The core@shell 
structure of these materials was confirmed by analysis of 
the CN of each metal species.  A key result of this study 
was that UPD layer of Cu did not affect the calculated CN of 
the Pt core. In other words, both of these studies indicated 
that ligand adsorption (CO in one case, and Cu in the other) 
has little or no effect on the structure of the Pt DENs.  
This is an important finding, because it suggests that DENs 
are relatively insensitive to surface processes and hence 
may be good experimental catalyst models for comparison to 
theoretical calculations. 
In addition to the work with DENs, there have been a 
number of other in-situ EXAFS studies of Pt nanoparticles 
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synthesized by more traditional means.
101-113
  Most of these 
have been focused on Pt oxide formation under steady-state 
conditions.
101-110
  A decrease in the Pt-Pt CN (nPP) and an 
increase in the Pt-O CN (nPO) are typically observed when 
the electrode potential is moved from the Pt double-layer 
region
100
 (where the ORR is active) to more positive 
potentials where the ORR is not active.  However, one study 
reported no change in nPP over this same potential range.
101
  
In general, the magnitude of the change in nPP and nPO is 
dependent on particle size, with smaller particles 
exhibiting greater changes in CN.
102-113
  As discussed 
earlier, this is primarily because a higher fraction of 
atoms reside on the surface of smaller particles. 
Recently, several groups have reported in-situ studies 
of proton exchange membrane fuel cells (PEMFCs) 
incorporating Pt nanoparticle ORR catalysts.
114-117
  All of 
these studies utilized a two-electrode configuration 
incorporating a Pd anode and a cathode composed of Pt/C 
catalyst dispersed on a carbon support.  The results 
obtained from these studies vary considerably and in some 
instances the conclusions are inconsistent. 
In the present work, it was found that the effect of 
ligands (dioxygen species) on Pt DENs is minimal during the 
ORR, but that other electrolytic species may have a 
significant impact on DEN structure.  Additionally, a 
reversible decrease in nPP was measured as a function of 
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increasing potential above -0.20 V.  A model of increasing 
surface disorder beginning at or below a potential of -0.20 
V is proposed.   
4.2 Experimental 
DEN synthesis. G6-OH in methanol were purchased from 
Dendritech, Inc (Midland, MI).  The methanol was removed by 
vacuum evaporation prior to use and a 100.0 µM aqueous stock 
solution was prepared from the dried powder.  Sufficient 
0.10 M K2PtCl4 (Sigma-Aldrich) was added to an aqueous 
solution of G6-OH so that the ratio of Pt
2+
:G6-OH was 225:1 
and the final concentration of G6-OH was 10.0 µM.  This 
solution was allowed to react for 72 h, after which 10 molar 
equivalents (relative to the total metal content) of freshly 
prepared NaBH4 were added.  The resulting solution was 
tightly capped and allowed to react for an additional 22 h.  
Next, the Pt DEN solution was dialyzed into 4 L of water for 
24 h using a 12.0 kDa cutoff dialysis sack (Sigma Aldrich).  
All aqueous solutions were prepared using 18 MΩ„cm Milli-Q 
water (Millipore, Bedford, MA). 
DEN characterization. UV-vis absorbance spectra were 
collected before and after chemical reduction using a 
Hewlett-Packard HP8453 spectrometer and a 1.00 mm path-
length quartz cuvette.  A solution of 10.0 µM aqueous G6-OH 
was used for the blank.  All spectra were consistent with 




Micrographs obtained by TEM were collected using a 
JOEL-2010F TEM operating at 200 kV in transmission mode.  
TEM grids were prepared by dropping several microliters of 
the DEN solution onto a carbon-coated, 400-mesh Cu grid (EM 
Sciences) and drying in air.  The average diameter of the Pt 
DENs used in this study, 1.8 ± 0.3 nm, was determined by 
measuring 100 individual particles.  This size is consistent 
with previously published results.
45,52,67,100
 
Electrochemistry. Electrochemical experiments were 
performed using either GCE and a standard three-electrode 
cell, or a carbon-paper electrode (Avcarb75, Ballard Power 
Systems, Inc.) and a spectroelectrochemical cell.  The 
counter electrode was a glassy carbon chip and the reference 
electrode was Hg/Hg2SO4.  All potentials are reported 
relative to the Hg/Hg2SO4 reference electrode.  High purity 
LiClO4 (99.99%, Aldrich), HClO4 (Ultrapure, JT Baker), and 
H2SO4 (Trace metal grade, Fisher) were used as supporting 
electrolytes.  A CHI 700d bipotentiostat (CH Instruments, 
Austin, TX) was used for experiments carried out in the 
three-electrode cell.  The GCE was polished sequentially 
with 1.0, 0.3, and 0.05 µm alumina particles, and then 
sonicated in water for several minutes prior to use.  
Details of the immobilization of the DENs onto the GCE are 
given in the Results and Discussion section.  For in-situ 
EXAFS electrochemical measurements, a portable Pine WaveNow 
potentiostat (Pine Research Instrumentation, Grove City, PA) 
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was used.  The carbon-paper electrode was cycled between 
1.50 and -1.50 V in 0.5 M H2SO4 before immobilization of the 
DENs.  Additional information about DEN immobilization onto 
the carbon-paper electrode is also provided in the Results 
and Discussion section. 
Spectroelectrochemical cell. Previous publications 
have discussed the design of a three-electrode, in-situ, XAS 
cell.
52,100
  A similar cell design was utilized here (Figure 




Photograph of the spectroelectrochemical cell used for 
XAS studies.  The cell has been disassembled for 
clarity.  When assembled, the two halves are folded 
together in a manner similar to closing a book, and 
then the interior volume is filled with electrolyte. 
 
Briefly, the cell consists of two Teflon pieces that are 
clamped together to form an electrolyte reservoir.  A window 
in the cell allows the X-ray beam to pass through the 
working electrode, and Kapton tape is used to seal the 
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window.  Ports are provided for reference and counter 
electrodes, as well as for gas sparging.   
X-ray absorption spectroscopy. XAS data were collected 
using beamline X18B at NSLS at the BNL in New York (USA).  
The L3 absorption edge of Pt was measured in fluorescence 
mode by orienting the electrode at 45
o
 relative to the beam.  
A five-grid Lytle detector filled with Ar gas was used for 
fluorescence detection, and Soller slits and a Zn filter 
were used.  Between 2 and 6 energy scans using 3.0 s 
integration times were averaged to improve the signal-to-
noise ratio of the EXAFS spectra.  Pt foil reference spectra 
were collected concurrently with the DENs spectra and used 
for energy calibration.  The data were analyzed using the 
IFEFFIT software package and FEFF6 program.
87,88
   
4.3 Results and Discussion 
Pt DEN synthesis.  Complete information about the 
synthesis of Pt DENs is provided in the Experimental 
Section, but, briefly, they are synthesized and prepared for 
electrocatalytic studies using the following three-step 
procedure.  First, an appropriate, stoichiometric amount of 
PtCl4
2-
 is added to an aqueous dendrimer solution.  This 
results in complexation between Pt
2+
 and tertiary amine 
groups present within the dendrimer interior.
45,59
  Second, an 
excess of BH4
-
 is added to the Pt
2+
-dendrimer complex to 
reduce Pt
2+
 to zerovalent Pt.  However, it was previously 
shown that reduction of Pt
2+




  Instead, a bimodal product distribution 





  Third, the Pt DENs are 
dialyzed to remove reaction byproducts.  Note that 
dendrimer-bound Pt
2+
 that remains unreduced after addition 
of BH4
-
 can be fully reduced after electrode immobilization 
by applying a sufficiently negative electrode potential.
100
     
Ex-situ characterization. The Pt DENs were 
characterized using UV-vis spectroscopy, TEM, and cyclic 




UV-vis absorbance spectra of 10.0 µM G6-OH(Pt
2+
)225 
(black) and dialyzed G6-OH(Pt225) (red).  Spectra were 
collected using a 1.00 mm quartz cuvette.  A solution 
containing 10.0 µM G6-OH was used for background 
subtraction. 
 
A representative TEM micrograph and size-distribution 





(a) TEM micrograph and (b) particle size distribution 
histogram for G6-OH(Pt225). 
 
The Pt DEN system has been studied extensively, and the 
results obtained here are consistent with those published 
previously.
45,52,58,66,67,100
   
The Pt DENs were characterized electrochemically using 
a standard three-electrode cell and a polished GCE working 
electrode.  Immobilization of the DENs onto the GCE was 
achieved using a previously published method.
57
  Briefly, 
the electrode was immersed in an aqueous solution containing 
10.0 µM G6-OH(Pt225) and 0.10 M LiClO4, and the potential was 
cycled 3 times between -0.20 and 0.70 V.  Next, the GCE was 
rinsed and transferred to a 0.10 M HClO4 electrolyte 
solution.  Finally, the electrode was cycled between 0.60 V 
and -0.60 V to reduce any Pt
2+
 that might be present within 
the dendrimers,
100
 and to clean the surfaces of the DENs. 
Figure 4.4 is a cyclic voltammogram (CV) of the 




Cyclic voltammogram obtained using a GCE modified with 
G6-OH(Pt225) DENs.  The scan rate is 100.0 mV/s, the 
electrode area = 7.1 mm
2
, and the electrolyte solution 
was 0.10 M HClO4 sparged with N2. 
 
The plot contains the characteristic features of Pt 
electrochemistry:
100
 oxidation of Pt at potentials positive 
of 0.20 V, an oxide reduction peak centered at 0.10 V, and a 
series of peaks present at potentials negative of -0.40 V 
that arise from the adsorption and desorption of H atoms on 
different crystallographic facets of the DEN surfaces.  The 
total surface area of Pt was determined by measuring the 
charge arising from hydrogen adsorption, and then converting 
this value to surface area using the accepted charge density 





  The experimentally determined surface area 
(0.12 cm
2
) can be compared with an estimated surface area 
(0.05 cm
2
) calculated using assumptions discussed 
previously.
67
  Given the approximate nature of the 
assumptions involved in this calculation and the conversion 
 59 
of measured charge to surface area, these values are in 
reasonable agreement.  
Immobilization of DENS onto Avcarb75. A commercial 
carbon-paper electrode, Avcarb75, was used as the working 
electrode for in-situ EXAFS measurements.  Immobilization of 
Pt DENs onto Avcarb75 was achieved using a previously 
published method.
100,118
  Briefly, an electrochemical 
pretreatment of the carbon-paper electrode in sulfuric acid 
was performed to improve wetting of the electrode material.   
A photograph illustrating this effect is provided in Figure 




Image of Avcarb75 carbon paper (a) before and (b) after 
electrochemical pretreatment using a 0.50 M H2SO4 
electrolyte solution. 
 
Next, the carbon paper was rinsed and immersed in a Pt DEN 
solution for 12 h.  Finally, a CV (Figure 4.6) was obtained 
in the H-atom adsorption/desorption potential region to 







Cyclic voltammogram obtained using an Avcarb75 carbon-
paper electrode modified with G6-OH(Pt225) DENs.  The 
data were collected in a standard three-electrode cell. 
The scan rate is 10.0 mV/s, the electrode area = 6.5 
cm
2
, and the electrolyte solution was 0.10 M HClO4 
sparged with N2. 
 
Note that this CV is somewhat different from the one 
obtained using the GCE (Figure 4.4).  This is because the 
surface area and resistance of Avcarb75 is greater than that 
of the GCE, leading to significantly increased capacitance 
and poorly resolved hydrogen peaks. 
After trimming the Pt DEN-modified Avcarb75 working 
electrode and placing it into the spectroelectrochemical 
cell, the electrode was held at -0.70 V while sparging the 
electrolyte solution with N2.  As mentioned earlier, this 
step completes the reduction of Pt
2+
 that might be present 
within the dendrimers
100
 and cleans the surface of the DENs.  
Figure 4.7 shows XANES spectra collected at the open circuit 
potential (OCP, black trace) before placing the working 
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electrode under potential control and after applying a 




XANES spectra of G6-OH(Pt225) at the OCP and at -0.70 V 
collected in the spectroelectrochemical cell using 0.10 
M HClO4 electrolyte solution.  The decrease in the 
white line intensity indicates reduction of Pt
2+
 after 
application of the negative potential. 
 
There is a noticeable decrease in the white line region of 
the spectrum after application of the negative potential, 
indicating a lower oxidation state of Pt and hence reduction 




   
In-situ ORR experiments. Figure 4.8 shows CVs obtained 
using the spectroelectrochemical cell and a G6-OH(Pt225)-
modified electrode in the presence (red) and absence (black) 





Cyclic voltammograms obtained using an Avcarb75 carbon-
paper electrode modified with G6-OH(Pt225) DENs.  The 
arrows indicate the potentials at which XAS spectra 
were collected.  Both the voltammograms and XAS data 
were obtained using the spectroelectrochemical cell 
shown in Figure 4.1.  The scan rate is 10.0 mV/s, the 
electrode area = 3.6 cm
2
, and the electrolyte solution 
was 0.10 M HClO4 sparged with O2 or N2, as indicated in 
the legend. 
 
The arrows in Figure 4.8 indicate the potentials at which 
EXAFS spectra were collected: -0.20, 0.05, 0.15, and 0.30 V.  
Note that the currents in these CVs are lower than in the CV 
shown in Figure 4.6.  This is because the area of the 
Avcarb75 electrode was reduced in size before placing it 
into the spectroelectrochemical cell. 
EXAFS were data collected with the working electrode 
held at the desired potential while the electrolyte was 
sparged with either N2 or O2.  In some cases the electrode 
was held at a particular potential for several hours so that 
multiple EXAFS scans could be collected to improve the 
signal-to-noise ratio of the spectra.  Figure 4.9 is a plot 
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of current vs. time for each of the four potentials 




Plots of current vs. time obtained while the G6-
OH(Pt225)-modified Avcarb75 electrode was held under 
electrochemical control at the potentials indicated in 
the legend.  Data collection was initiated (t = 0) as 
soon as the potential was applied, and EXAFS data 
collection began at t = 30 min.  The 0.10 M HClO4 
electrolyte solution was sparged with O2 or N2, as 





Current data collection began immediately upon application 
of the indicated electrode potential (t = 0) and XAS data 
collection began at t = 30 min (to ensure steady-state 
conditions).  Fluctuations in the currents, which are most 
apparent in the dark green trace, are most likely due to 
bubble formation or irregular convection patterns in the 
cell caused by slight changes in gas flow. 
In-situ XAS. The black EXAFS spectrum in Figure 4.10 
was collected while the DEN-modified electrode was held at 




The black trace is a representative EXAFS spectrum (Pt 
L3 edge) obtained from a G6-OH(Pt225)-modified Avcarb75 
electrode held at a potential of 0.15 V in 0.10 M HClO4 
sparged with O2.  The red trace is a spectrum of a Pt 
foil.  EXAFS spectra obtained under other conditions 
are provided in Figure 4.11. 
 
The red spectrum was obtained from a Pt foil collected on 
the same beamline.  EXAFS spectra obtained under other 





EXAFS spectra of the Pt L3 edge of G6-OH(Pt225) 
maintained at the indicated potentials in the 
spectroelectrochemical cell while sparging with N2 or 
O2. 
 
All spectra exhibit decreased amplitudes relative to the 
bulk Pt, which is characteristic of nanoparticles.
96
  The 
data were fit using k windows that began at 3 Å
-1 
and 
extended to values between 12 and 15 Å
-1
, depending on the 
noise present in each spectrum at high k.  For example, the 
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data shown in Figure 4.6 was fit from k = 3 - 12.5 Å
-1
.  The 
complete set of k windows used to fit all the EXAFS spectra, 
along with the Rbkg and R window values, are provided in the 
Table 4.1.   
















-0.20 V N2 3 14.0 1.30 3.30 1.3 
-0.20 V O2 3 12.0 1.35 3.15 1.3 
0.05 V O2 3 12.5 1.50 3.10 1.3 
0.15 V O2 3 12.5 1.50 3.10 1.3 
0.15 V N2 3 12.0 1.40 3.30 1.3 
-0.20 V O2 3 12.0 1.40 3.15 1.3 
0.30 V O2 3 13.0 1.45 3.10 1.3 
0.30 V N2 3 12.0 1.50 3.30 1.3 
-0.20 V O2 3 15.0 1.40 3.30 1.3 
 Table 4.1.  
 
To eliminate multiple-scattering effects and minimize the 
number of variables in the fit model, only the first Pt-Pt 
and Pt-O coordination shells were used for each spectrum.  
The best model was chosen on a sample-by-sample basis, as 
determined by the statistical fit parameters and by visual 
agreement of the experimental spectra and fit results.  A 
multiple-scattering analysis of the sample at -0.20 V with 
N2 sparging was also performed, as discussed in the 
following section. 
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Figure 4.12 is a histogram showing the Pt-Pt and Pt-O 
CNs (nPP (black) and nPO (red), respectively) for each 




Pt-Pt (nPP) and Pt-O (nPO) coordination numbers, 
determined from fits to the EXAFS data, as a function 
of electrode potential for G6-OH(Pt225) DENs.  Data were 
obtained using a 0.10 M HClO4 electrolyte solution 
sparged with either N2 or O2.  The potentials are given 
in the order of data collection. 
 
CNs determined for Pt DENs in the presence of O2 and N2 are 
represented by filled and empty circles, respectively.  The 
data are plotted in the order collected, beginning with the 
most reducing potential (-0.20 V) and continuing to the most 
positive potential (0.30 V).  Several replicate data points 
were collected at -0.20 V under O2 sparging to ensure that 
differences in CNs arise from electrode potential changes 
rather than drift or other irreversible effects.  The 
results in Figure 4.12 as well as the values obtained for 
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the other fitting parameters are presented in numerical form 
in Table 4.2.   








6.9(5) 7.0(5) 7.3(4) 9.2(1.1) 8.1(8) 8.1(6) 
nPO 0.7(3) 0.5(2) 0.4(2) 0.5(4) 0.8(8) 0.4(2) 
RPP 





0.0064(5) 0.0060(5) 0.0062(4) 0.0067(8) 0.0060(7) 0.0058(3) 
RPO 





0.003(4) 0.001(4) 0.001(4) 0.003(9) 0.011(15) 0.000(3) 
ΔE0  
(eV) 





0.3 0.15   -0.2  
nPP 6.2(8) 7.0(7)   8.4(6)  
nPO 0.6(3) 0.6(3)   0.5(2)  
RPP 
(Å) 















0.000(3) 0.003(5)   0.000(4)  
ΔE0  
(eV) 
8.6(7) 8.2(7)   7.9(1.2)  
 Table 4.2.  
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Several observations can be drawn from Figure 4.12.  First, 
there is a significant increase in nPP at more negative 
potentials in the presence of both O2 and N2.  At -0.20 V, 
the most reducing potential considered in this study, nPP is 
between 8 and 9.2.  This is somewhat lower than the 
theoretical nPP (9.5) for a 225-atom fcc truncated 
octahedral particle. However, when multiple-scattering 
analysis and electron microscopy measurements are taken into 
account, the EXAFS results are consistent with the nominal 
225-atom clusters (vide infra).  Previous studies with Pt 
DENs demonstrated nPP greater than or equal to the predicted 
values at an even more reducing potential (-0.70 V) under 
similar conditions.
100
  This is consistent with the trend 
observed here for the CN to increase at more negative 
potentials.  Second, there is no significant difference 
between nPP and nPO collected in the presence of O2 and the 
N2.  However, as indicated in Table 4.2, there may be a 
systematic effect of increased Pt-Pt bond lengths (RPP) 
under N2 sparging.  Finally, the changes in the coordination 
environments of the particles under potential control appear 
to be largely reversible (compare the values of nPP at -0.20 
V in Table 4.2). 
Multiple-scattering analysis. Previous studies have 
shown that the CNs of multiple-scattering contributions to 
EXAFS data in small nanoparticles can be used to distinguish 
between different particle geometries.
95,96,119-121
  A multiple-
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scattering fit of the EXAFS spectra collected while the DENs 
were held under the most reducing potential (-0.20 V) was 
performed to characterize the size and shape of the 
particles.  Figure 4.13 shows the Fourier-transformed EXAFS 
spectra and the multiple-scattering analysis of the Pt DENs 




Fourier transformed EXAFS spectrum obtained from (black 
trace) a G6-OH(Pt225)-modified Avcarb75 electrode held 
at a potential of -0.20 V in 0.10 M HClO4 sparged with 
N2.  The red trace is the multiple-scattering fit to 
these data.  The k and R windows for this analysis were 
2.5 - 14 and 1.30 ‟ 6.31, respectively, and Rbkg = 1.3. 
 
Table 4.3 compares the predicted CNs of the first four 
coordination shells (N1 ‟ N4) for several types of fcc 









Coordination numbers for fcc cluster models and experimental 
results for multiple-scattering fit analysis of the data 



















N1 9.1 9.0 9.5 8.4(4) 
N2 3.6 4.0 3.8 3.3(2.3) 
N3 13.4 13.1 14.7 20.1(7.7) 
N4 6.2 6.1 7.0 6.0(2.3) 
NO -- -- -- 0.4(1) 
 Table 4.3. 
  
The effective diameters of the clusters and the average 
diameter of the particles (as determined by TEM) are also 
included in the table.  The experimental CNs and TEM data 
are consistent with a model of small, quasi-spherical 
clusters, although the observed first nearest neighbor (1NN) 
CNs are smaller than the model values.  Further discussion 
of this observation is given below.  Interpretation of the 
multiple-scattering fit analysis for Pt DENs held at 
potentials greater than -0.20 V is more complicated due to 
larger number of possible models, and therefore this 
discussion is limited to this single potential.  
Analysis of the results. Guided by the combination of 
the in-situ EXAFS results and the ex-situ TEM data, the most 
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plausible scheme for structural transformations that occur 
in the Pt DENs at different potentials will be discussed. 
Several possible scenarios and how they compare with 
relevant data will be reviewed. 
Certain models are consistent with the observation of a 
decreasing nPP with increasing potential and, yet, should be 
discounted as inconsistent with other information about the 
system.  For instance, dissolution of the Pt atoms from the 
particles will result in smaller nanoparticles and free, 
uncoordinated (or, alternatively, polymer- or oxygen- or 
hydroxocomplex-bound) Pt atoms or ions, thereby lowering 
nPP.
55
  However, such dissolution would likely result in 
irreversible changes to nPP.  Additionally, the reduction of 
nPP caused by dissolution should be accompanied by even 
greater reduction in the contribution from the higher-order 
coordination shells. Indeed, let us assume for simplicity 
that all 225-atom clusters decomposed into identical small 
particles with CNs between 6 and 7 (Table 4.2). These CNs 
correspond to the closed shell clusters of ~13 atoms 
(considering either close-packed fcc or non-close-packed 
icosahedral clusters).
119
  In such clusters, the EXAFS signal 
originating from higher-order shells will be transparent to 
EXAFS.
122
  Figure 4.14 plots selected Fourier-transformed 





Fourier transformed EXAFS spectra.  All data shown have 
an Rbkg of 1.3 and a k-range of 3 ‟ 12. 
 
The peak marked with the arrow corresponds primarily to 
second-shell coordination, and the peaks at higher R are due 
to correspondingly higher coordination shells.  Their 
presence rules out decomposition of the nanoparticles into 
smaller clusters.     
Another possible explanation for a decrease in nPP with 
increasing potential is the formation of surface oxides.
110
  
Oxidation of the surface will reduce the CN in two ways.  
First, if PtOn forms on the surface of the particles, it may 
disrupt Pt-Pt metal bonding thereby lowering the ensemble-
average CN for Pt metal.  Second, recent studies have shown 
that increased asymmetric disorder (caused by, for example, 
ligand-induced strain)
123
 in nanoparticles relative to bulk 
materials leads to decreased apparent metal CNs in the 
nanoparticle systems.
124
  Accordingly, it would be possible 
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for adsorption of electrochemically produced ligands to 
disrupt the first Pt shell without affecting the ordered 
metal core.  These species could include electrogenerated 
oxygenated Pt intermediates,
110
 which could be present even 
in the absence of O2 (this is, under N2 sparging 
conditions).  Such disorder is inherently asymmetric and can 
lead to the apparent reduction in CN described above.  As 
the surface disorder increases at increasingly higher 
potentials, the signal from higher order shells will become 
progressively less and less intense.  Although a clear trend 
of decreasing multiple-scattering signal is not observed, 
the data are consistent with a model of increasing disorder 
at the higher potentials (Figure 4.14).  
Given the discussion thus far, an "ordered core-
disordered shell" model is proposed.  This model assumes 
that the nanoparticle surface is already partially 
disordered even at -0.20 V, and that it becomes further 
disordered as oxidation of Pt begins to occur.  However, in 
this model, the Pt core remains relatively ordered at all 
potentials.  The fact that the shell is always disordered 
explains why multiple-scattering contributions are 
relatively unaffected by changes to the electrode potential.  
Indeed, multiple-scattering contributions in an fcc 
structure are dominated by collinear Pt-Pt-Pt arrangements, 
and they decrease in proportion to the square of the bonding 
angle when bonding disorder is present.
125,126
  Therefore, a 
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large signal intensity in the high R-region, and, hence, the 
multiple-scattering contributions, should be dominated by 
the ordered core in such systems even for small angular 
disorder.  Therefore, even as disorder increases, there is 
little additional effect on the multiple-scattering 
contribution.  This model is supported by the multiple-
scattering analysis described in the previous section (Table 
4.3).  Smaller-than-predicted CNs are observed for most 
shells at -0.20 V, although the diameter of the 225-atom, 
truncated octahedron model agrees with the TEM.  This 
suggests the presence of disorder in the outermost DEN shell 
even at this potential.  
It is important to mention that although this study 
provides evidence for surface disorder at potentials > -0.20 
V, at even more reducing potentials the particles are 
clearly faceted.  This is apparent from the well-defined 
hydrogen atom adsorption/desorption peaks present in Figure 
4.4 at potentials <-0.4 V.  This observation is fully 
consistent with the model described above, and it clearly 
shows that even in DENs, which are not in direct contact 
with the electrode surface, the electrode potential has a 
significant influence on particle structure. 
4.4 Summary and Conclusions 
DENs are good model systems for studying catalytic 
processes using EXAFS because of their well-defined 
structural properties and high proportion of surface atoms 
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relative to fully coordinated atoms.  That is, because ~65% 
of the atoms in a G6-OH(Pt225) particle are predicted to be 
at the surface, the effects of reaction intermediates on the 
surface atoms of DENs are observable in EXAFS.    
 The principal finding to emerge from the present study 
is that the Pt-Pt CN is a function of the electrode 
potential.  This result may be interpreted in terms of a 
model in which only the outermost Pt shell is affected by 
the potential.  Specifically, at strongly reducing 
potentials (<-0.4 V) the outer Pt shell is order, as 
evidenced by the presence of well-defined H-atom adsorption 
and desorption peaks in the voltammetry.  However, as the 
potential is moved positive, into and past the double-layer 
potential region, increasing disorder is signaled by a 
reduction in the Pt-Pt CN observed by in-situ EXAFS 
experiments.  Such order/disorder transitions are likely to 
have a dramatic effect on electrocatalytic reactions, and 
therefore this type of behavior is an interesting focus for 
future studies. 
 One final point is worth mentioning.  There is a 
fundamental difference between DENs and all other Pt 
nanoparticle systems that have been examined by EXAFS 
previously.  Specifically, in the case of DENs, the 
nanoparticle is not in direct contact with the electrode 
surface.  Rather, it is sequestered within the dendrimer a 
small distance away.  Therefore, DENs provide a good model 
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system for studying the effects of adsorbates and electrode 
potential in the absence of specific interactions exerted by 
the electrode surface.  In other cases, substrate effects 
tend to have a strong influence on nanoparticle structure, 
and smaller effects driven by adsorbates or potential may be 
swamped out. 
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Chapter 5:  Electrochemical Oxidation of Cu 
Dendrimer-Encapsulated Nanoparticles 
5.1 Introduction and Background 
In this chapter the electrochemical dissolution of Cu 
DENs is presented.  The key finding is that there is a 
large, positive shift of the stripping potential caused by 
the interaction between the Cu and the dendrimer, but there 
are no size-dependent changes to the anodic stripping peak 
position, even relative to larger DSN structures.  This 
study is significant because it probes the stability of 
small (<1.5 nm), unsupported Cu nanoparticles. 
In addition to stabilizing the encapsulated 
nanoparticle, the dendrimer can be used as a handle for 
attaching a DEN to a substrate, such as an electrode.
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Because the dendrimer is only weakly associated with the 
nanoparticle surface,
21,67,127
 DENs are excellent models for 
studying the electrochemical properties of  nanoparticles of 
<250 atoms.
11,52,53,57,67,100
  For instance, size-dependent effects 
on the ORR of Pt DENs
67 
 has been observed and facet-
selective UPD of Cu onto Pt DENs has been demonstrated.
52
 
The size-dependent stability of nanoparticles to 
electrochemical oxidation was first investigated in 1982 
when Plieth predicted small particles to be less stable 
against oxidation with an inverse dependence between E
0
 and 
the radius of the nanoparticle.
128
  This effect is a result 
of the increased surface energy of nanoparticles relative to 
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a bulk sample and has important consequences for industrial 
applications where the long-term stability of nanoparticle 
catalysts may be required.
129
  There have been several size-
dependent anodic stripping voltammetry (ASV) studies that 
have corroborated Plieth’s prediction.
129-131
  However, there 





 nanoparticles against oxidation.   
Subnanometer diameter Ag clusters deposited on highly 
oriented pyrolytic graphite (HOPG) were found to persist for 







  In another study, Cu clusters of <100 atoms 
were deposited on a Au substrate.
133
  The small clusters were 





potential.  At +100 mV, the particles underwent a slow, 
layer-by-layer dissolution, with each atomic layer 
displaying increased resistance to oxidation (slower 
dissolution).  In contrast to the present study, the Ag and 
Cu nanoparticles described above were located directly on a 
substrate support. 
In another study relevant to this work, Berchmans et 
al. complexed Cu
2+
 to a G4 PAMAM dendrimer film on a Au 
electrode, and used electrochemical reduction to produce 
nanoparticles of ~100 nm in diameter.
134
  The authors also 
used the dendrimer film to preconcentrate Cu
2+
 ions at pM 
concentrations for detection by ASV.   
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In the present paper, Cu DENs containing ~16-55 atoms 
were drop-cast onto a GCE and ASV was used to investigate 
the electrochemical dissolution of the nanoparticles.  This 
behavior was also compared to that of Cu DSNs.  As discussed 
previously, DSNs are not located within the voids of a 
single dendrimer, but consist of a nanoparticle stabilized 
by the peripheral groups of one or more dendrimers.  A 
positive shift of the anodic stripping wave for Cu DENs and 
DSNs of ~+400 mV relative to the stripping wave of free, 
reduced Cu salt occurs.  Additionally, no size-dependent 
effects on the stripping wave were observed. 
5.2 Experimental 
DEN Preparation. G6-OH in methanol was purchased from 
Dendritech, Inc (Midland, MI).  The methanol was removed by 
vacuum evaporation prior to use and a 50.0 µM aqueous stock 
solution was prepared from the dried powder.  Sufficient 
0.010 M CuSO4 (Fisher) was added to an aqueous solution of 
G6-OH to yield the desired Cu
2+
:G6-OH ratio and so that the 
final concentration of the dendrimer is 2.0 µM.  The pH was 
adjusted to >10 using a solution of 1 M NaOH (EMD Chemicals, 
Gibbstown, NJ).  Immediately before electrode preparation, a 
1.0 mL aliquot of the metal-ion-dendrimer complex was 
reduced with 4.0 µL of freshly prepared 1 M BH4
-
 (Sigma-
Aldrich) and sealed for 5 min before drop-casting onto a 
GCE.  Details for the synthesis of Pd and PdCu DENs are 
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given in Chapter 3.  All aqueous solutions were prepared 
using 18 MΩ„cm Milli-Q water (Millipore, Bedford, MA). 
Electrochemistry. Electrochemical experiments were 
performed using 3.0 mm diameter GCE, a glassy carbon chip 
counter electrode, and a Hg/Hg2SO4 reference electrode.  All 
potentials are reported relative to the Hg/Hg2SO4 reference 
electrode.  High purity HClO4 (Ultrapure, JT Baker) was used 
for supporting electrolyte.  The potentiostat used was a CHI 
700d bipotentiostat (CH Instruments, Austin, TX). 
The GCE was polished sequentially with 1.0 and 0.05 µm 
alumina particles, and then sonicated in water for several 
minutes and dried with N2 prior to use.  The desired volume 
(between 0.10-5.0 µL) of Cu DENs was drop-cast onto the 
electrode and dried in air or under gently streaming N2.  
The electrode was inserted into a 0.10 M HClO4 electrolyte 
sparged with Ar and immediately put under potential control 
at -0.50 V or -0.80 V.  The electrode was then scanned from 
-0.50 V or -0.80 V, respectively, to 0.10 V at scan rates 
from 2.0-25.0 mV/s.  Ar gas was continuously streamed over 
the top of the electrolyte solution throughout the 
experiment to prevent O2 from diffusing into the solution. 
5.3 Results and Discussion 
Stripping voltammetry. Figure 5.1 plots the anodic 
stripping wave of a solution of a 110.0 µM CuSO4 (no 
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dendrimer present) which was reduced and drop-cast onto a 




Anodic stripping wave of reduced CuSO4 in the absence 
of dendrimer.  The electrode was prepared by reducing 
1.0 mL of a 110.0 µM solution of CuSO4 with 4.0 µL of 
freshly prepared 1 M BH4
-
 and sealing for five minutes.  
1.00 µL of the reduced Cu solution was then drop-cast 
onto a GCE and dried under blowing N2.  The scans were 
collected in 0.10 M HClO4 at a scan rate of 5.0 mV/s. 
 
There is a single stripping wave with a peak potential, Ep, 
at -0.40 V, corresponding to the oxidation of zerovalent Cu 
to Cu
2+
.   
When the dendrimer-metal ion complex (G6-OH(Cu
2+
)55) is 
drop-cast onto the electrode prior to chemical reduction of 
the Cu
2+
, a single peak is also observed at -0.39 V (Figure 





Anodic stripping wave of G6-OH(Cu
2+
)55.  The scans were 
collected in 0.10 M HClO4 at a scan rate of 5.0 mV/s.   
The electrode was prepared by dropping 1.00 µL of a 2.0 
µM Cu
2+
:dendrimer DEN-precursor solution onto a GCE and 
drying under blowing N2. 
 
The similarity of the peak potentials between the reduced, 
free Cu species and the metal-ion-dendrimer complex indicate 
that bulk-like deposition of the Cu directly onto the 
electrode from G6-OH(Cu
2+
)55 likely occurs.  In fact, when 
the electrode is maintained at potentials below -0.50 V, no 
stripping wave is observed for drop-cast metal-ion-dendrimer 







Anodic stripping wave of G6-OH(Cu
2+
)55.  The scans were 
collected in 0.10 M HClO4 at a scan rate of 5.0 mV/s.   
The electrode was prepared by dropping 1.00 µL of a 2.0 
µM Cu
2+
:dendrimer DEN-precursor solution onto a GCE and 
drying under blowing N2. 
 
This indicates that no zerovalent Cu is formed during the 
drying process and that electrochemical reduction of the 
Cu
2+
 occurs at potentials below -0.50 V. 
Figure 5.4 plots the anodic stripping wave of a 2.0 µM 




Anodic stripping wave of G6-OH(Cu55).  The electrode 
was prepared by dropping 1.00 µL of a freshly reduced 
2.0 µM Cu DEN solution onto a GCE and drying under 
blowing N2.  The scans were collected in 0.10 M HClO4 
at a scan rate of 5.0 mV/s. 
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Again, there is a single stripping wave corresponding to the 
oxidation of zerovalent Cu.  However, Ep has been shifted 
negative to -0.20 V, indicating that the DEN is harder to 
oxidize than the reduced, free Cu salt.  Note also that 
although the same mass of Cu was dropped on the GCE in 
Figures 5.1 and 5.4, the current is almost 10x smaller when 
the DENs were drop-cast to the electrode.  There are two 
possible causes for this effect.  1) The DEN film is not 
stable against dissolution into the electrolyte, and the 
majority of the DENs diffuse away from the electrode before 
oxidation of the Cu.  2) The DEN film is sufficiently thick 
such that only a fraction of the nanoparticles are in 
electrical contact with the electrode.  Both of these models 
are discussed in further detail below. 
Stability of Cu DENs during immobilization. Typically, 
DENs are immobilized to a GCE by immersing the electrode in 
a solution of DENs and sweeping to potentials at or above 
0.6 V.
52,57,67
  Cu is not stable at these potentials and, 
therefore, Cu DENs cannot be immobilized to an electrode by 
the standard immobilization method.  The Cu DENs in this 
study were immobilized to the electrode using a drop-casting 
method.  Briefly, a freshly prepared Cu DEN solution is 
dropped onto a polished GCE and dried under air and flowing 
N2 to produce a uniform film.  Further details of this 
process are given in the Experimental section. 
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 To test the stability of the DENs during the drying 
process, the DENs were dried in a H2 atmosphere, to prevent 
any possible oxidation of the Cu particles.
1,51
  The Cu 
anodic stripping wave was observed to remain unchanged when 
the electrodes were dried under H2 compared to when they are 




Anodic stripping wave of G6-OH(Cu64) immobilized onto 
vulcan carbon and dried in (left) air and (right) a H2 
atmosphere.  The scans were collected in 0.10 M HClO4 
at a scan rate of 10.0 mV/s.   The samples were 
prepared by reducing 1.0 mL of 2.0 µM DENs with 20.0 µL 
of freshly prepared 1 M BH4
-
.  2 mg of Vulcan carbon 
and 0.2 mL isopropyl alcohol were added and the samples 
were sonicated for 30 min before drop-casting 3.0 µL 
onto a polished GCE. 
  
Presumably, excess, unreacted BH4
-
 in the DEN solution 
present after reduction of the DEN precursor remains 
throughout the drying process, even under normal atmosphere, 
allowing the Cu particles to maintain their zerovalent 
state.   
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To further test this theory, a prepared electrode was 
allowed to sit under air for 7 h before collection of the 





Voltammogram of G6-OH(Cu55) after prolonged exposure to 
air.  The electrode was prepared by dropping 1.00 µL of 
a freshly reduced 2.0 µM Cu DEN solution onto a GCE.  
The electrodes were left under air for 7 h to allow any 
excess BH4
-
 from the synthesis to react with O2.  The 
scans were collected in 0.10 M HClO4 at a scan rate of 
5.0 mV/s. 
 
After aging, the well-defined anodic stripping wave is no 
longer present.  Instead there are three, poorly-defined 
waves at ~-0.7, -0.4, and -0.2 V.  This indicates that the 
Cu DEN films do not remain stable with prolonged exposure to 
air.   
Additional evidence that the BH4
-
 remains throughout 
the drying process is provided by a study of drop-cast PdCu 





Voltammogram of G6-OH(Pd64Cu48) drop-cast and dried in a 
N2 atmosphere.  The sample was prepared by reducing 5.0 
mL of a 2.0 µM PdCu DEN solution with 20.0 µL of 
freshly prepared BH4
-
.  3.0 µL of the DENs were drop-
cast onto a GCE and dried for several minutes under N2.  
The voltammogram was collected 5 min after inserting 
the GCE into the electrochemical cell.  The scans were 




 trapped in the DEN film produces H2 upon reaction 
with the water.  Because PdCu DENs are catalysts for H2 
oxidation, there is a large anodic current at potentials 
where Pd metal is present.  (This effect is also observed 
for Pd DEN drop-cast films.)  After cycling several times, 
the current due to H2 oxidation disappears, indicating all 
of the BH4
-
 has been removed from the system.   
A Pd DEN film was prepared on an electrode and held at 
reducing potentials for 30 min in acidic electrolyte before 
ASV (Figure 5.8).   





Voltammogram of G6-OH(Pd128) after being held under 
potential control for 30 min.  20.0 µL of freshly 
reduced 1 M BH4
-
 solution was added to a 1.0 mL aliquot 
of a 2.0 µM Pd DEN solution and sealed for 5 min.  1.00 
µL of the reduced DENs were drop-cast onto a GCE and 
dried under gently blowing N2.  The electrodes were 
inserted into the electrochemical cell and held at -0.5 
V for 30 min.  The scans were collected in 0.10 M HClO4 
at a scan rate of 5.0 mV/s. 
 
No H2 oxidation wave is observed, indicating this method is 
sufficient to remove any BH4
-
 from the system.  Figure 5.9 
shows the anodic stripping of a Cu DEN sample that was held 









Voltammogram of G6-OH(Cu64) after being held under 
potential control for 30 min.  20.0 µL of freshly 
reduced 1 M BH4
-
 solution was added to a 1.0 mL aliquot 
of a 2.0 µM Cu DEN solution and sealed for 5 min.  1.00 
µL of the reduced DENs were drop-cast onto a GCE and 
dried under gently blowing N2.  The electrodes were 
inserted into the electrochemical cell and held at -0.5 
V for 30 min.  The scans were collected in 0.10 M HClO4 
at a scan rate of 5.0 mV/s. 
 
Under these conditions, Ep remains shifted out to -0.20 V.  




Scan rate and loading dependence. Figure 5.10a plots 
the anodic stripping wave of G6-OH(Cu55) at  several scan 








(a) Voltammogram illustrating the effect of scan rate 
on the Cu stripping waves of G6-OH(Cu55) immobilized 
onto a GCE.  The electrodes were prepared by dropping 
1.00 µL of a freshly reduced 2.0 µM Cu DEN solution 
onto a GCE and drying under blowing N2.  The scans were 
collected in 0.10 M HClO4 at scan rates from 2.0-25.0 
mV/s.  (b) Dependence of Ep on the ln(ν).  A linear 
dependence is observed for scan rates at or above 5.0 
mV/s. 
 
The peak position, Ep, is observed to shift positive 
proportionally to ln(ν) (Figure 5.10a), at scan rates at or 
above 5.0 mV/s.  This matches a prediction of a linear 
dependence of Ep on scan rate for particle dissolution from 
electrode surfaces made by Compton and coworkers.
135
  These 
predictions are based on models that do not take into 
account nanoparticle size effects (such as a shift in E
0
), 
but are based on the mass transport of metal to and from the 
electrode.  
 One disadvantage of the drop-casting immobilization 
method is the difficulty in producing even, monolayer 
coverage over the electrode surface.  For instance, assuming 
an immobilized dendrimer footprint of 7.0 nm in diameter for 
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G6-OH PAMAM dendrimer on the electrode surface and a 
roughness factor of 2.4
67
 for the GCE, monolayer coverage on 
a 3.0 mm disk electrode would require even deposition of 
0.73 pmol of DENs.  While it is possible to reproducibly 
measure this quantity of DENs, producing a uniform film at 
monolayer thickness is practically unfeasible.  It was found 
that a much more uniform film was obtained with higher 
electrode loadings.   
The Cu loading on the electrode was varied by drop-
casting differing volumes of a 2.0 µM G6-OH(Cu55) solution 
onto the GCE.  Ep is observed to be nearly constant at lower 
Cu coverages, but shifts to more positive values at higher 




(a) Anodic stripping wave of G6-OH(Cu55) immobilized 
onto a GCE at six different loadings.  The electrodes 
were prepared by dropping the indicated volume of a 
freshly reduced 2.0 µM Cu DEN solution onto a GCE and 
drying under blowing N2.  The scans were collected in 
0.10 M HClO4 at a scan rate of 5.0 mV/s.  (b) 
Dependence of iP on the Cu loading. 
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A linear dependence of the peak current, ip, to the Cu 
loading is also observed (Figure 5.11b).  The behavior of ip 
indicates that all of the deposited DENs are in electrical 
contact with the GCE.  If the surface layers of the DENs 
were not in electrical contact, a constant ip at high 
loading levels would be expected.  This indicates that the 
difference in current between drop-cast free, reduced Cu 
salt and Cu DENs (Figures 5.1 and 5.4, respectively) is 
probably due to dissolution of the dendrimer film. 
Size dependence. Figure 5.12 plots the anodic stripping 




Anodic stripping waves of G6-OH(Cux) (x = 16, 32, 48, 
55) immobilized onto a GCE.  The electrodes were 
prepared by dropping 0.50 µL of 2.0 µM Cu DEN solutions 
onto a GCE and drying in air and under blowing N2.  The 
scans were collected in 0.1 M HClO4 at a scan rate of 
10.0 mV/s. 
 
No size-dependent shifts of Ep are observed and iP is 
found to vary with the amount of Cu in the DEN.  Assuming a 
quasi-spherical, fcc structure, Cu DENs in this size regime 
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have diameters ranging from 0.8-1.4 nm (G6-OH(Cu16) and G6-
OH(Cu55), respectively).     
In order to study the behavior of larger Cu particles, 




Cu stripping wave of G6-OH(Cu310) immobilized onto a 
GCE.  The electrode was prepared by dropping 1.00 µL of 
a 2.0 µM Cu DSN solution onto a GCE and drying under 
blowing N2.  The scans were collected in 0.1 M HClO4 at 
a scan rate of 5.0 mV/s. 
 
It can be seen that no shifting of the peak position is 
observed, even for larger Cu nanoparticle structures.  This 
indicates that the positive shift of DENs and DSNs relative 
to the free, reduced Cu salt is most likely caused by 
interaction of the Cu with the functional groups of the 
PAMAM dendrimer and not an effect of the nanoparticle size.  
It is interesting that when metal-ion-dendrimer complex is 
electrochemically reduced, no shift of the Cu stripping wave 
relative to the free, reduced Cu salt is observed.  This 
indicates that intimate contact between the dendrimer and 
 95 
the Cu metal is required to produce the positive shift in 
the anodic stripping wave. 
5.4 Summary and Conclusions 
Previous studies have shown that small, supported Cu 
nanoparticles are resistant to electrochemical oxidation.
133
  
Here it is demonstrated that very small Cu nanoparticles 
(~16 atoms) in the interior of a PAMAM dendrimer do not show 
this effect.  A large, positive shift of the anodic 
stripping wave of Cu DENs and DSNs is observed.  However, 
this positive shift requires intimate contact between the 
particle and the PAMAM dendrimer.  Evidence for this comes 
from the similarity of Ep between reduced, free Cu salt and 
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